Introduction
Natural killer (NK) cells were originally identified by their spontaneous cytotoxicity against immature hematopoietic cells, tumor cells, some normal fresh cells, and most cultured cell lines. [1] [2] [3] [4] [5] [6] Investigators now understand that the sum of positive and negative signals transmitted by activating and inhibitory receptors on NK cells determines NK-cell cytotoxicity. [7] [8] [9] The ligands of NK-cell inhibitory receptors are mainly classical and nonclassical major histocompatibility complex (MHC) class I molecules. The ability of NK cells to sense loss of class I MHC expression by the absence of signaling through inhibitory NK receptors constitutes the "missing-self" hypothesis. [10] [11] [12] This in turn fails to inhibit NK-cell function, resulting in NK-cell-mediated lysis. NK cells also have activating receptors that require engagement to develop lytic activity. These include the natural cytotoxicity receptors (NCRs), the specific ligands for which are unknown. Another activating receptor is NKG2D, the ligands for which include nonclassical MHC molecules, such as MHC class I chain-related gene A (MICA) and MICB, and MHC-related molecules such as the human cytomegalovirus UL16-binding proteins (ULBPs). [13] [14] [15] [16] Microbial products stimulate activation and maturation of dendritic cells (DCs), and mature antigen-presenting DCs appear in draining lymph nodes as early as 4 to 6 hours after localized viral (eg, herpes simplex virus 1 [HSV-1]) infection. 17 Because lymph nodes and other secondary lymphoid organs are reservoirs for NK cells, 18, 19 early NK-cell activation could occur through DCs in these sites. In addition, peripheral blood NK cells infiltrate inflamed tissues and interact with DCs at these sites. 20 NK-cell responses thereby execute innate immune responses before the acquisition of MHC-restricted cellular immunity. 21, 22 This still begs the question, however, as to how and which DC subtypes activate NK cells independently of T-cell activation and secretion of effector cytokines.
Recent studies have shown that at least monocyte-derived DCs (moDCs) can directly and rapidly activate NK-cell proliferation, cytotoxicity, and cytokine secretion. [23] [24] [25] [26] These moDC-activated NK cells can, in turn, mature DCs at low NK/DC ratios, probably via tumor necrosis factor-␣ (TNF-␣) secretion. 25, 26 Activated NK cells can also kill immature DCs at high NK/DC ratios via the NCR NKp30, 24, 26 whereas mature moDCs escape NK-cell lysis by up-regulating class I MHC. 24 We have recently found that peptide-pulsed CD34 ϩ hematopoietic progenitor cell (HPC)-derived Langerhans cells (LCs) are more potent on a cell-for-cell basis in stimulating antigen (Ag)-specific, MHC-restricted cytolytic T cells in vitro than are dermalinterstitial dendritic cells (DDC-IDCs) or moDCs. 27 This is mediated at least in part by LC secretion of interleukin-15 (IL-15) and apparently by less need for helper epitopes when LCs present only class I MHC-restricted Ag. MoDCs, but neither LCs nor DDCIDCs, secrete bioactive IL-12p70. IL-15 is an important cytokine not only for Ag-specific memory cytotoxic T lymphocytes (CTLs) [28] [29] [30] but also for the development and survival of NK cells. 29, 31, 32 DC stimulation of T cells also results in IL-2 secretion, which can activate NK cells. To reconcile these various potential contributions to the activation of NK cells, we separately generated moDCs as well as CD34 ϩ HPC-derived LCs and DDC-IDCs, and we assessed both direct and indirect stimulation of resting NK cells in vitro in the context of these cytokines.
Materials and methods

Cytokines
Sterile recombinant lipopolysaccharide (LPS)-, pyrogen-, and mycoplasmafree recombinant human cytokines for the development of DCs included granulocyte-macrophage colony-stimulating factor (GM-CSF) (originally Immunex, Seattle, WA; now Berlex, Montville, NJ) and FMS-like tyrosine kinase 3 (FLT-3) ligand, c-kit ligand or stem cell factor, IL-4, TNF-␣, and tumor growth factor-␤ (TGF-␤) (all R&D Systems, Minneapolis, MN). All cytokines were supplied carrier-free by the manufacturer but were reconstituted using human serum albumin (1% final HSA; 25% human serum albumin, NDC 63546-251-05, pharmaceutical grade; manufactured by Swiss Red Cross, distributed by Alpine Biologics, Orangeburg, NY) in phosphate-buffered saline. Human IL-12 (R&D Systems), human IL-15 (R&D Systems), and human IL-2 (Chiron, Emeryville, CA) were used in the NK-cell cultures as indicated.
Dendritic cell generation
Plastic-adherent mononuclear cell precursors of moDCs, or CD34 ϩ HPCs for LCs and DDC-IDCs, were obtained respectively from healthy volunteer blood donors or from donors already undergoing marrow or peripheral blood stem cell (PBSC) collections for allogeneic transplantation. Informed consent was obtained for research specimen collection using protocols approved by the Institutional Review and Privacy Board of Memorial Hospital, Memorial Sloan-Kettering Cancer Center, New York. These 3 types of myeloid DCs were separately generated in vitro exactly as described. 27 Terminal DC maturation was accomplished from days 6 to 8 for moDCs and from days 12 to 14 for LCs and DDC-IDCs using only a combination of inflammatory cytokines that included IL-1-␤ (2 ng/mL), IL-6 (1000 IU/mL), TNF-␣ (10 ng/mL or 2-fold the original dose) (all from R&D), and prostaglandin E 2 (PGE 2 ) (1 g/mL; Calbiochem, San Diego, CA). 27, 33 NK-cell isolation and NK/DC coculture NK cells were purified with the NK-cell isolation kit (Miltenyi Biotec, Auburn, CA) by negative immunomagnetic cell separation. Resulting NK-cell populations were more than 95% CD56 ϩ CD3 Ϫ . NK cells were cocultured with DCs at a DC/NK-cell ratio of 1:10 for cytotoxicity assays and flow cytometry. Proliferation assays were performed at the indicated DC/NK-cell ratios. Where indicated, IL-12 500 pg/mL or IL-2 80 IU/mL was added. In some experiments allogeneic CD4 ϩ T cells, purified from the same PBMCs as the NK cells by positive immunomagnetic selection (anti-CD4 MACS beads; Miltenyi Biotec), were irradiated (30 Gy [3000 rad]; 137 cesium [ 137 Cs]) and added to the NK/DC cocultures.
Proliferation assay
NK-cell proliferation was measured as previously described. 24 A total of 10 5 NK cells were incubated with decreasing numbers of stimulatory DCs at the indicated ratios for 5 days in RPMI 1640 with 5% pooled human AB ϩ serum in 96-well round-bottom microtiter plates; 37 kBq (1 Ci) 3 Hthymidine was added to each well for the last 12 to 18 hours of the 6-day culture. Cells were harvested with a Harvester Mach IIIM (Tomtec, Hamden, CT) and counted in a 1450 MicroBeta TriLux (Wallac, Turku, Finland). NK cells incorporated 3 H-thymidine ( 3 H-TdR) in direct proportion to their proliferation, reflecting the stimulatory capacity of a particular type of DC. The measured counts per minute (cpm) represented mean values of duplicate or triplicate NK/DC microwell cultures. 51 Chromium ( 51 Cr) release assays were performed as described. 24 A total of 10 6 LCL721.221 target cells were incubated with 3.7 MBq (100 Ci) Na 2 51 CrO 4 for 60 minutes at 37°C and then extensively washed to remove unbound 51 Cr. These radiolabeled target cells were seeded at a fixed dose of 10 4 per microwell, to which NK-cell effectors were added in triplicate doses to yield the effector-target ratios indicated. NK-cell effectors were the NK-cell responders in the DCstimulated cultures. Total NK-cell responders were counted for dosing, so that the amount of lytic activity exerted by the NK cells against the radiolabeled targets reflected the differences in NK-cell blast transformation stimulated by different DC subtypes or primary culture conditions. The 51 Cr-labeled LCL721.221 target cells were incubated with the NK cells at the indicated effector-target ratios for 4 to 6 hours at 37°C. Supernatants containing the 51 Cr released from the lysed targets were collected and measured in a ␥ counter (1450 MicroBeta TriLux; Wallac). Specific 51 Cr release was calculated using the standard formula: ([sample release Ϫ spontaneous release]/[total release Ϫ spontaneous release]) ϫ 100%. 
Cytotoxicity assay
Cytokine ELISAs
Supernatants from DC cultures were collected and normalized to 2 ϫ 10 5 DCs per milliliter. IL-12 and IL-18 were measured directly from the supernatants. For IL-15 detection, supernatants were concentrated 10-fold by ultrafiltration (Vivaspin, 10 kDa exclusion size; Vivaspin, Goettingen, Germany). Total IL-12 (p40 and p70; Pierce Endogen, Rockford, IL), IL-12p70 (Cell Sciences, Norwood, MA), IL-15 (Quantikine; R&D Systems, Minneapolis, MN), and IL-18 (CellSciences) were quantified with commercial enzyme-linked immunosorbent assay (ELISA) kits according to the manufacturer's instructions.
Results
DC subtypes differ in their ability to stimulate NK-cell proliferation and induce NK-cell-mediated cytotoxicity
We first compared CD34 ϩ HPC-derived LCs and DDC-IDCs with the known capacity of moDCs to stimulate NK-cell proliferation and cytotoxicity. Each of the 3 mature DC populations was used in comparable numbers based on flow cytometric confirmation of similarly high expression of class II MHC and up-regulation of CD83, CD80, CD86, and CD40. 27 In the absence of any exogenous cytokines or adjuvants, mature DDC-IDCs stimulated resting NK cell proliferation but required roughly 1-to 1.5-log greater numbers than moDCs to effect comparable expansion ( Figure 1A ). NK-cell numbers increased 2-to 5-fold over 7 days' stimulation. Both DDC-IDCs and moDCs also stimulated NK-cell cytotoxicity against class I MHC-negative "classical" NK-cell targets (LCL721.221 24, 34 ) but with less disparity between their respective activities than for NK-cell proliferation ( Figure 1B ). LCs used alone were poorly stimulatory for both NK-cell proliferation and cytotoxicity.
DDC-IDCs and LCs were always derived from CD34 ϩ HPCs of the same donor, while moDCs sometimes were not. NK cells were uniformly allogeneic to all DC populations used in this and all other experiments. In our previous study, 24 as well as in the experiments represented in Figure 1 (n ϭ 10), there have been no dramatic differences in NK-cell responses with respect to the allogeneic or autologous source or between different allogeneic sources of the stimulatory DC populations. We conclude that moDCs are superior to DDC-IDCs in NK-cell stimulation and that LCs lack direct NK-cell stimulatory capacity.
MoDCs, and to a lesser extent DDC-IDCs, induce CD56 bright NK-cell blasts
Most NK cells circulating in blood constitutively express CD16 and low levels of CD56, exerting cytotoxicity as their principal effector function. 35 These cells remain CD16 ϩ and up-regulate CD56 upon activation 36 to levels similar to those of CD16 Ϫ CD56 bright NK cells, which predominate in secondary lymphoid tissue and secrete cytokines as their principal effector function. 18, 19 Purified NK cells were stimulated separately by each of the DC types under study for 7 days. As shown in Figure 2 , moDCs stimulated robust NK-cell blast transformation, based on increased forward scatter, as well as increased CD56 expression by approximately 50% of the NK cells, most of which remained CD16 ϩ as well. The kinetics of the moDC-stimulated response are also much more robust over about the first 3 days, after which many of the responding NK cells undergo activation-induced cell death, reflected by the large proportion of events with high SSC and low FSC. 24 The changes induced by DDC-IDCs were much more modest. LCs were even less active, based on the combined criteria of minimal to no blast transformation and the lack of any substantial CD56 expression. LCs remained more viable ( Figure 2 , top right corner of each FSC/SSC dot plot; high FSC/SSC) in these cocultures with NK cells, however, than did either DDC-IDCs or moDCs.
All DC subtypes can activate NK cells via alloreactive T-cell stimulation
IL-2, a cytokine secreted mainly by T cells, has been widely used to activate NK cells and study their function. We therefore tested whether different DCs, stimulating adaptive immune responses by CD4 ϩ T cells, could indirectly activate NK cells by the CD4 ϩ T-cell secretion of IL-2, which ranges from 50 to 100 IU/mL IL-2. 37, 38 We confirmed comparable stimulatory activity by LCs, DDCIDCs, and moDCs for allogeneic T cells contained in a population of PBMC responders ( Figure 3A ). 27 We then stimulated allogeneic NK cells with LCs, DDC-IDCs, or moDCs to which we added irradiated CD4 ϩ T cells autologous to the NK cells. These CD4 ϩ T cells could secrete cytokines but could not proliferate themselves after irradiation in response to DC stimulation. We further verified that the cultures had no residual allogeneic CD4 ϩ T cells by the time of the proliferative and cytotoxicity assays at days 6 and 7, respectively, based on the presence of fewer than 5% CD3 ϩ T cells by flow cytometry.
The presence of irradiated allogeneic CD4 ϩ T cells enhanced the NK-cell proliferative responses stimulated by all 3 DC types, especially by LCs ( Figure 3B ). The effect was greater for DDCIDCs and moDCs at lower DC stimulator doses. To mimic part of LCs, DDC-IDCs, and moDCs were cocultured with peripheral blood NK cells for 7 days at an NK/DC ratio of 10:1. NK cytotoxicity of the cultures was determined by 51 Cr release assay against the MHC class I-negative target LCL721.221. Radiolabeled LCL721.221 targets were exposed for 4 to 6 hours to the NK-cell effectors, which were the responder lymphocytes from the original or primary DC/NK cocultures. The effectors were added as total lymphocytes, without adjustment for specific numbers of NK-cell blasts, to ascertain differences between the different DCs in stimulating NK cells in the primary cultures. The effector-target ratio is indicated along the X-axis, and specific lysis is plotted against the Y-axis. The data are representative of 10 independent experiments. only.
For personal use at PENN STATE UNIVERSITY on February 23, 2013. bloodjournal.hematologylibrary.org From the contribution of CD4 ϩ T cell-derived cytokines, 80 IU/mL recombinant human IL-2 (rhIL-2) was added directly to DC/NKcell cultures. This further enhanced the NK-cell proliferative responses to all 3 types of DCs but obscured any dose effect because the amount of IL-2 no longer depended on the number of DCs stimulating CD4 ϩ T-cell cytokine secretion ( Figure 3B ). In contrast to NK-cell proliferative responses, NK-cell-mediated cytotoxicity induced by DDC-IDCs or moDCs did not benefit further from the addition of either irradiated allogeneic CD4 ϩ T cells or rhIL-2. LC-stimulated NK-cell cytotoxicity did improve, however. From these data we conclude that LCs, DDC-IDCs, and moDCs stimulate alloreactive T cells to secrete IL-2 with similar efficiency, which in turn supports the indirect activation of NK cells by each of these DC types. LCs are especially dependent on the added contribution of CD4 ϩ T-cell cytokines or IL-2 for stimulating NK-cell cytotoxicity as well as proliferation.
IL-2 and IL-12 alone induce NK-cell activation and cytotoxicity, but only IL-2 sustains independent NK-cell proliferation
We next exposed purified peripheral blood NK cells to 500 pg/mL IL-12 or 80 IU/mL IL-2 in the absence of any DCs. These cytokine concentrations were selected based on comparable amounts secreted by maturing DDC-IDCs and moDCs 39 or in DC/allogeneic T-cell cultures, 37, 38 respectively. Both cytokines induced NK-cell blast formation and CD56 up-regulation, whereas NK cells alone without cytokines or DC stimulators underwent cell death ( Figure  4A ). IL-12 increased CD56 expression, especially among the NK cells that coexpressed CD16. Moreover, both IL-2 and IL-12 dramatically increased NK-cell cytotoxicity against the class I MHC-negative target LCL721.221 ( Figure 4B ). In contrast, IL-2 independently induced NK-cell expansion, whereas IL-12 could not support this in the absence of DCs ( Figure 4C ). Stimulation with IL-12 alone led to massive cell death and no expansion in the NK-cell cultures (data not shown). This suggests that IL-12 activates NK cells but requires a DC-derived factor (Figures 3 and  5) to sustain expansion and/or survival.
Lack of IL-12p70 secretion and IL-15R-␣ expression by Langerhans cells impairs their capacity for direct stimulation of NK cells
IL-12, IL-15, IL-15R-␣, and IL-18 have all been implicated in the development, activation, and/or survival of NK cells. 29, 31, [40] [41] [42] We therefore tested production of these molecules coincident with DC maturation. DC cultures were adjusted to 2 ϫ 10 5 /mL, which was the highest DC density used in the DC/NK-cell proliferation assays. LCs secreted substantially higher amounts of IL-15 and IL-18 than did DDC-IDCs or moDCs ( Figure 5A , middle and bottom left panels). In contrast, while all 3 DCs secreted some measurable amount of total IL-12 ( Figure 5A , top left), only moDCs secreted the bioactive IL-12p70 heterodimer (7.2 Ϯ 1.5 pg/mL in 5 independent experiments; Figure 5A , top right). As previously reported, neither LCs nor DDC-IDCs secreted IL-12p70 ( Figure 5A, top right) . 27 The level of IL-12p70 secretion by moDCs F) . The data are representative of 3 independent experiments. (C) LCs, DDC-IDCs, and moDCs were cocultured with peripheral blood NK cells for 7 days at an NK-cell-DC ratio of 10:1. These primary cultures were supplemented with 80 IU/mL rIL-2 (DC ϩ IL-2 ), irradiated allogeneic CD4 ϩ T cells (DC ϩ CD4; NK/T-cell ratio ϭ 1:1 E), or nothing (DC only F). NK cytotoxicity of the cultures was determined by 51 Cr release assay against the MHC class I-negative target LCL721.221. Radiolabeled LCL721.221 targets were exposed for 4 to 6 hours to the NK-cell effectors, which were the responder lymphocytes from the original or primary DC/NK cocultures. The effectors were added as total lymphocytes, without adjustment for specific numbers of NK-cell blasts, to ascertain differences between the different DCs in stimulating NK cells in the primary cultures. The effector-target ratio is indicated along the X-axis, and specific lysis is plotted against the Y-axis. The data are representative of 3 experiments. , and surface expression of the CD56 and CD16 epitopes were quantified by flow cytometry. FSC and SSC were measured on purified NK cells cultured without (NK only) or with 80 IU/mL rIL-2 (NK ϩ IL-2) or 500 pg/mL rIL-12 (NK ϩ IL-12) for 7 days. CD56 and CD16 expression was quantified on gated CD3 Ϫ lymphocytes, which lacked autofluorescence in channel FL-3 and were located in the FSC/SSC lymphocyte gate (dotted line). Percentages indicate NK-cell blasts, CD16 Ϫ CD56 bright , CD16 ϩ CD56 bright , and CD16 ϩ CD56 dim cells. Note that most of the peripheral blood NK cells are CD56 dim but not CD56 Ϫ directly after isolation from PBMCs. The data are representative of 3 independent experiments. (B) Purified peripheral blood NK cells were cultured without cytokines (NK only F) or with 80 IU/mL rIL-2 (NK ϩ IL-2 E) or 500 pg/mL rIL-12 (NK ϩ IL-12 ) for 7 days. NK cytotoxicity of the cultures was determined by 51 Cr release assay against the MHC class I-negative target LCL721.221. Radiolabeled LCL721.221 targets were exposed for 4 to 6 hours to the NK-cell effectors, which were the responder lymphocytes from the original or primary DC/NK cocultures. The effectors were added as total lymphocytes, without adjustment for specific numbers of NK-cell blasts, to ascertain differences between the different DCs in stimulating NK cells in the primary cultures. The effector-target ratio is indicated along the X-axis, and specific lysis is plotted against the Y-axis. The data are representative of 3 independent experiments. (C) Proliferation of purified peripheral blood NK cells was determined by 3 For personal use at PENN STATE UNIVERSITY on February 23, 2013. bloodjournal.hematologylibrary.org From after cytokine maturation was around 100-fold lower than can be achieved by bacterial stimuli or cellbound CD40L 39 but was apparently sufficient to support NK-cell activation ( Figure  5B -C, far right). Maturation of LCs or DDC-IDCs with either CD40L or LPS did not rescue IL-12p70 secretion by these DCs (data not shown and Ratzinger et al 27 ).
Because total IL-12 secretion paralleled the NK-cell stimulatory function of the DC types under study, we explored IL-12 further as the missing factor for direct stimulation of NK cells by LCs. We therefore supplemented all DC/NK cultures with 500 pg/mL IL-12 ( Figure 5B-C) , an amount reached or exceeded by moDC preparations after maturation with bacteria and cellbound CD40L. 39 While NK-cell proliferation and cytotoxicity induced by DDC-IDCs and moDCs was only minimally increased, LCs supplemented with exogenous IL-12 could now stimulate some NK-cell proliferation and cytotoxicity ( Figure 5B-C) . In the presence of a constant dose of IL-12, LC-stimulated NK-cell proliferation was dose dependent, just as it was for DDC-IDCs and moDCs ( Figure 5B ).
This indicates that additional, as yet unidentified factor(s) provided by each of these DC types support NK-cell proliferation and/or survival. In fact, 500 pg/mL IL-12 alone was unable to sustain NK proliferation without DCs (see Figure 4C ). LCs plus IL-12 induced NK-cell cytotoxicity against the class I MHCnegative target LCL721.221 similar to that stimulated by DDCIDCs. Both DC types stimulated less overall cytotoxicity (especially at E/T 10:1 and lower) than did moDCs, which were the only DCs to secrete bioactive IL-12p70 ( Figure 5A,C) . These data indicate that LCs secrete insufficient IL-12 to activate NK cells directly and that all DCs must provide an additional factor that supports NK-cell proliferation and/or survival.
When we assessed IL-15R-␣ expression by flow cytometry, only mature moDCs expressed this receptor, even though they secreted very little IL-15. LCs, which secreted the most IL-15, and DDC-IDCs both failed to up-regulate this receptor ( Figure 5A ). Neither IL-15 nor IL-18 secretion by mature LCs could apparently compensate for the low amounts of secreted IL-12 and IL-15R-␣ expression in order to rescue NK-cell activation. In fact, for secreted IL-15, we determined the concentration that would promote NK-cell proliferation and cytotoxicity. Induction of NKcell proliferation and cytotoxicity required 1 ng/mL soluble recombinant IL-15, while 100 pg/mL, which exceeds the amount recovered even from mature LCs, proved insufficient (data not shown). We conclude that the levels of soluble IL-15 recovered from DC culture supernatants are insufficient to activate NK cells. This is consistent with previous reports using activated monocytes, which indicated that the relevant, active IL-15 is presented by IL-15R-␣ at the cell-surface interface or immunologic synapse between antigen-presenting cells and NK cells. 43 Our data support a role for surface-presented IL-15 in direct NK-cell activation by DCs, because we could detect IL-15R-␣ only on the NK-cell stimulatory moDCs but not on LCs or DDC-IDCs.
Hence, within the limitations imposed by using primary human cell populations, we identified 2 deficiencies of LCs for molecules involved in NK-cell development and activation. Lack of IL-12p70 production and failed expression of the surface receptor for IL-15 could thereby account for the inability of LCs to stimulate NK cells. Activated LCs, however, could theoretically provide IL-15 in a paracrine manner in vivo to the IL-15R-␣-expressing, activated, mature moDCs.
Langerhans cells supplemented with allogeneic CD4 ؉ T cells, IL-2, or IL-12 induce NK-cell blast transformation and up-regulation of CD56
We compared the different supplements that increased LC stimulation of NK-cell proliferation and cytotoxicity for the concomitant induction of blast transformation and CD56 up-regulation (Figure 6 ). While both IL-2 and IL-12 induced blast transformation, only IL-12 substantially increased CD56 expression, especially among the NK cells coexpressing CD16 whose main effector function is cytotoxicity. Irradiated allogeneic CD4 ϩ T cells provided some enhancement over baseline, and rhIL-2 further enhanced both blast transformation and CD56 up-regulation. On , in which duplicates were tested for each data point in each assay. In addition, surface expression of IL-15R-␣ was evaluated on mature moDCs, LCs, and IDC-DDCs. One representative of 3 independent experiments is shown. (B) Proliferation of purified peripheral blood NK cells was assessed by 3 H-thymidine incorporation (Y-axis; note log scale) after culture with monocyte-derived dendritic cells (moDC) or CD34 ϩ HPC-derived Langerhans cells (LC) or dermal-interstitial dendritic cells (DDC-IDC) for 6 days. Data points for the indicated NK-cell-dendritic cell ratio (X-axis; NK/DC from 3:1 to 1000:1) represent the average of duplicate microwell cultures and their standard deviation. NK-cell/DC cultures were supplemented with 500 pg/mL rIL-12 (DC ϩ IL-12 E) or not (DC only F). The data are representative of 5 independent experiments. (C) LCs, DDC-IDCs, and moDCs were cocultured with peripheral blood NK cells for 7 days at an NK/DC ratio of 10:1. These primary cultures were supplemented with 500 pg/mL rIL-12 (DC ϩ IL-12 E) or not (DC only F). NK cytotoxicity of the cultures was determined by 51 Cr release assay against the MHC class I-negative target LCL721.221. Radiolabeled LCL721.221 targets were exposed for 4 to 6 hours to the NK-cell effectors, which were the responder lymphocytes from the original or primary DC/NK cocultures. The effectors were added as total lymphocytes, without adjustment for specific numbers of NK-cell blasts, to ascertain differences between the different DCs in stimulating NK cells in the primary cultures. The effector-target ratio is indicated along the X-axis, and specific lysis is plotted against the Y-axis. The data are representative of 5 independent experiments. MÜ NZ et al
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balance, the addition of IL-12 to LCs rendered these DCs similar to moDCs in NK-cell stimulation and activation.
Langerhans cells promote NK-cell survival
We noted that NK cells maintained viability and the CD16 ϩ CD56 dim phenotype typical of circulating NK cells in peripheral blood when cocultured with LCs. This was in contrast to their gradual death over 7 to 9 days when cultured alone (Figures 2, 4A, and 6 ) and the rapid activation-induced NK-cell death when cultured with moDCs alone (Figure 2 , upper far right dot plot [moDC]; population of high SSC and low FSC cells). We therefore cultured purified peripheral blood NK cells in the presence or absence of LCs for 9 days and analyzed CD16 and CD56 expression by flow cytometry ( Figure  7A , upper panels). LCs maintained CD16 and CD56 expression by purified NK cells, while NK cells died and lost expression of these surface markers without LCs. In 4 experiments, only 13.9% Ϯ 26.1% of NK cells retained viable CD16 and/or CD56 expression without LCs, whereas 78% Ϯ 24.6% retained viable expression in the presence of LCs ( Figure 7A, lower panel) . This was further confirmed by direct hemacytometer inspection of cultured cells using trypan blue exclusion (data not shown). Furthermore, we demonstrated that LCs but not DDC-IDCs supported viable NK-cell proliferation induced by moDCs ( Figure 7B) , with less activation-induced cell death than occurred in NK-cell/moDC cocultures without LCs (Figure 2) . Therefore, addition of LCs benefits survival of both resting and activated NK cells.
Discussion
Resting NK cells respond to the composite activating and inhibitory signals delivered by their target cells. Investigators now recognize that this NK-cell reactivity is augmented by accessory cells at the onset of innate immune responses. NK-cell activation not only reduces Ag load early in an immune response but also in turn helps promote the subsequent development of acquired immunity. Recently, investigators have found that DCs play an important role in activating resting NK cells. [23] [24] [25] [26] Here we show that different types of classical DCs vary in their capacity to stimulate NK cells. Human moDCs remain the most potent in stimulating not only NK-cell proliferation but also cytotoxicity against class I MHC-negative targets. CD34 ϩ HPC-derived LCs lack sufficient IL-12p70 secretion and IL-15R-␣ expression to induce NK-cell activation. Once activated by addition of IL-12, however, LCs provide additional, as yet unidentified factors that promote NK-cell proliferation and survival. DDC-IDCs are intermediate in stimulating NK-cell proliferation, cytotoxicity, and CD56 up-regulation.
The importance of DC secretion of the bioactive p70 form of IL-12 for the induction of NK cytotoxicity has been previously established. Anti-IL-12 antibodies can completely inhibit LPSmatured moDCs from inducing NK cytotoxicity against K562 targets. 44 Our data show that IL-12 can additionally support proliferation of activated NK cells, but only when DCs are present, including otherwise poorly stimulatory LCs (compare Figure 4C with Figure 5B ).
Of note, we measured both total IL-12 and the bioactive p70 form. Neither DDC-IDCs nor LCs secrete appreciable amounts of IL-12p70, whether matured by inflammatory cytokines or CD40L ( Figure 5A and Ratzinger et al 27 ). All DCs secrete IL-12p40, however, and DDC-IDCs secrete more than LCs. This IL-12p40 may in turn form a heterodimer with the unique IL-23p19 to yield bioactive IL-23, which is another member of the IL-12 heterodimer family with functions overlapping those of IL-12 itself. 40, 45, 46 Although the dominant effects of IL-23 seem to be on the DCs themselves and favor Ag-specific Th1-acquired immunity, this cytokine could also account for some of the NK-cell stimulatory activity exerted by DDC-IDCs at higher stimulator doses as well as some of the activity of moDCs not solely contributed by IL-12p70.
Furthermore, even though LCs do not secrete sufficient IL-12 to initiate NK-cell activation, our results indicate that LCs provide additional factors to sustain NK-cell proliferation and survival after activation. Leading candidates include IL-18 and IL-15, which LCs secrete at higher levels than do DDC-IDCs or moDCs ( Figure 5A and Ratzinger et al 27 ). IL-15 is a crucial cytokine in NK-cell survival, and IL-15-as well as IL-15R-␣-deficient mice lack 29, 32 Indeed, we could demonstrate a crucial function for IL-15 presented via surface IL-15R-␣, for DC-induced NK-cell proliferation. 47 Apart from secreted cytokines, NK-cell activation also depends on cell-to-cell contact, because transwell cultures separating mouse DCs from NK cells do not result in NK-cell activation. 23 The molecules mediating this effect, however, remain largely uncharacterized. IFN-␣-treated DCs represent an exception, where the nonclassical class I MHC molecules, MICA and MICB, mediate cell contact-dependent NK activation. 44 MICA and MICB also mediate NKG2D-dependent killing of target cells by activated NK cells. 15 The activating NK receptors NKG2D and NCRs (natural cytotoxicity receptors) mediate the lysis of most tumor cell lines by NK cells. 13 While activated NK cells recognize moDCs via their NCR NKp30, this interaction does not support DC-mediated activation of resting NK cells. 24 Hence, data from a number of studies, including our own, indicate that interactions for target recognition by activated NK cells and interactions for activation of resting NK cells are fundamentally different except under selected conditions such as the above-mentioned IFN-␣-treated DCs.
We evaluated LCs matured and activated in vitro, which should be akin to those that have migrated to the T-cell-rich zones of secondary lymphoid organs 48, 49 but not representative of the resident immature LCs in epidermal and epithelial surfaces in the steady state. LCs normally patrol the epidermis as immature DCs uniquely suited for Ag capture and thereby report antigens to the immune system that invade superficially or are deposited on epithelial surfaces. 50 In contrast, DDC-IDCs colonize the dermis and interstitia of solid organs. MoDCs originate from the bloodstream where circulating blood monocytes may be rapidly differentiated and activated to become DCs under inflammatory conditions. 51, 52 Both of these DC types may therefore be especially sensitive to early inflammatory pertubations. The observed functional differences between LCs, DDC-IDCs, and moDCs might explain why these DCs are differently equipped to activate NK cells. Because cytotoxic NK cells can cause major tissue damage, it would be in the best interest of the host to activate NK cells only if a pathogen has invaded the body systemically in blood or at least into the deeper layers of the skin or interstitia of solid organs. On the other hand, it should be beneficial to ignore superficial pathogen deposits at least with respect to recruitment and activation of NK cells.
DCs are increasingly finding roles for the initiation of acquired immunity as well as for the onset of innate immunity and may provide a critical link between the two. Similar to the divisions of labor between different DC types for eliciting immunogenic or tolerogenic responses by MHC-restricted, Ag-specific T cells, 53, 54 so also do DCs exhibit different activities for stimulation of NK-cell responses. MoDCs remain most potent in this respect, whereas CD34 ϩ HPC-derived LCs are comparatively impotent without supplemental NK-cell-activating stimuli. CD34 ϩ -derived DDC-IDCs exert intermediate activity. Apart from IL-12 or other cytokines in the IL-12 family, IL-15 would seem to be another critical cytokine for NK-cell activation by DCs. High levels of soluble IL-15 that exceed the soluble amounts recoverable from mature DCs, as well as studies using other models, 43 suggest that IL-15 presented by surface IL-15R-␣ in the immunologic synapse between DCs and NK cells may be the more relevant interaction. We indeed found that NK-cell-stimulatory moDCs express IL-15R-␣ on their surface, while IL-15 secreted by LCs might only be sufficient to mediate NK-cell survival. In vivo, where mixed populations of DCs would also intereact, LC-secreted IL-15 may act in a paracrine fashion to support NK-cell stimulation and activation by IL-15R-␣-expressing moDCs.
These data additionally provide a rationale to broaden approaches focusing exclusively on the generation of T-cell immunity by one DC type to include other DC types to stimulate NK-cell activity or even support each other in NK and T-cell stimulation. Our results suggest that a combination of LCs and moDCs would enhance both NK-cell as well as T-cell activation (this study and Ratzinger et al 27 ). Furthermore, therapeutic NK-cell activation could also mediate DC activation in situ for better priming and Th1 polarization of T-cell responses. 55, 56 The combination of DC subsets that stimulates both NK cells and T cells could therefore harness 2 valuable immune effector cell compartments. It could also optimize the interactions between innate and adaptive immunity for more efficient immune control of tumors, viruses, and other pathogens. MÜ 
